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Abstract Ultrasonic emulsification of 20-wt.% o/w emul-
sions (pH 3.8) containing a food-grade emulsifier (whey pro-
tein isolate, WPI, 2.7 wt.%) and xanthan gum (XG,
0.25 wt.%) was performed. Time and amplitude of ultrasonic
treatment changed in order to evaluate their influence on
emulsion droplet size, viscosity, and stability (by multiple
light scattering (MLS) profiles) during cold storage (10 days
at 5 °C). Ultrasonic treatment duration changed from 1 to
4 min at constant amplitude of 70 %. Considering the ampli-
tude, intervals of 40, 60, 80, and 100 % were chosen, for a
constant time of 1 min. Similarly, time and amplitude condi-
tions were used to treat solutions of XG of 1 wt.% and
evaluate their influence on viscosity and how that was related
to the stability of the emulsion. Increase in sonication time
from 1 to 4 min led to a significant oil droplet size decrease
from 1.14 to 0.89 μm (median droplet diameter). The viscos-
ity of emulsions and XG solutions was highly influenced and
considerably decreased with sonication time applied. At those
conditions, an increase of backscattering was observed from
58.9 to 72.7 % after 10 days of storage, meaning that more
stable emulsions, thinner and of smaller oil droplet size were
produced. A similar trend was observed when the amplitude
was increased, but droplet size and creaming were always
greater than those noticed by changing the sonication time.
However, the rate of viscosity, droplet size, and stability
change was greater by increasing the amplitude rather than
by changing the sonication time.
Keywords o/w emulsion . Sonication parameters . Droplet
size . Creaming . Viscosity
Introduction
The use of ultrasonics in the food industry is gaining more
interest. In-line implementation of ultrasonic processing is
well established for the chemical and pharmaceutical industry
and is being developed for food products such as fruit juices,
mayonnaise, and tomato ketchup and dairy systems (Wu et al.
2000; Zisu et al. 2010).
Concerning emulsion technology, ultrasonic emulsifi-
cation (USE) can offer several improvements compared
with conventional high-shear methods or novel ones like
microfluidization apart from power efficiency (Tang et al.
2013). This stands for production of oil droplets in the
submicron/nanoscale (up to 100 nm), improved stability
over time, and need for small amounts of emulsifying
agents (Chendke and Fogler 1975; Li and Chiang 2012).
Although microfluidization has been found to be more
efficient than ultrasound, it is considered less practicable
with respect to production cost as well as equipment
contamination (Karbstein and Schubert 1995; Freitas
et al. 2006).
Despite the referred advantages, a number of restrictions
considering USE have arisen. These involve demulsification
(Canselier et al. 2002), deterioration in quality of edible oils
and off-flavoring due to oxidation (Chemat et al. 2004;
Gharibzahedi et al. 2012), and polymer degradation.
Although there are many reports on ultrasonic degradation
of polysaccharides (Lorimer et al. 1995; Tayal and Khan
2000; Wasikiewicz et al. 2005; Goodwin et al. 2011), these
findings focus on rheological properties as affected by molec-
ular weight reduction; thus, information are provided in terms
of gum fractionation and viscosity tailoring. Therefore, there
are only limited data to our knowledge relating the effect of
gum viscosity decrease on emulsion stability (Vinod and
Sashidhar 2009; Karaman et al. 2012; Ansari et al. 2012).
On the other hand, sonication conditions’ choice seems quite
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difficult, when food is treated and viscosity influences process
and further product quality.
Οptimization of sonication conditions deals with a careful
determination and further choice of the variables influencing
cavitation. These variables are related to the reaction medium
(e.g., viscosity and vapor pressure), to the reaction conditions
(e.g., frequency, power but temperature control as well), and
to the type of the sonic system (e.g., frequency range) includ-
ing the choice of the chemical reactor (e.g., horn shape and
dimensions) (Santos et al. 2009). In the present research, some
reaction conditions were changed (amplitude and sonication
time), keeping sample formula constant and using the same
sonic system. Amplitude choice in a sonication process is
critical, because it is proportional to the intensity of sonication
and its increase is related to an increase in the sonochemical
effects. A minimum amplitude is required to achieve the
cavitation threshold, whereas high amounts can lead to rapid
deterioration of the ultrasonic transducer resulting in liquid
agitation instead of cavitation and in poor transmission of the
ultrasound through the liquid media. However, high-viscosity
samples may require higher amplitude in order to obtain the
necessary mechanical vibrations and to promote cavitation in
the sample thereafter (Santos et al. 2009).
The type of cavitation is also related to the ultrasonic
intensity and consequently to the amplitude applied. When
intensity exceeds 10 W/cm2, a transient cavitation occurs. In
this range, bubbles expand through a few acoustic cycles to a
radius of at least twice their initial size before collapsing
violently on compression (Santos et al. 2009). On the other
hand, cavitation bubbles’ number and collapse are influenced
by the temperature of the reaction medium. Temperature
affects the vapor pressure, surface tension, and viscosity of
the liquid medium (Muthukumaran et al. 2006). In a higher
temperature, cavitation bubbles form more easily, because of
medium viscosity decrease, but their collapse may be cush-
ioned or dampened by the high vapor pressure
(Muthukumaran et al. 2006; Zhou and Shi 2006). Thus, there
is an optimum temperature at which viscosity is low enough to
enhance cavitation bubble formation, yet the temperature is
low enough to avoid the dampering effect (Moncada Reyes
2011).
In food systems, when ingredients degradation and struc-
ture change may occur by small changes in the ultrasonication
process, a careful choice of process parameters helps to gain
scientific and technological knowledge, and also to prevent
undesirable quality effects. In this research, different sonica-
tion parameters (time and amplitude) were applied on a whey
protein emulsion containing olive oil and xanthan gum pro-
duced in a batch-type process. Extra virgin olive oil was
selected for nutritional reasons and health benefits related to
its composition in combination with the fact that presents great
stability under ultrasonication. No oxidation or hydrolysis
effects were observed when ultrasounds (20 kHz, 120 s) were
applied during extraction of oil procedure from olive paste
(Jiménez et al. 2007). Additionally, in comparison with other
edible oils that are primarily used in salad dressings such as
corn and sunflower oil, olive oil presented the highest absence
of off-flavoring after sonication, which is related to the com-
position of the unsaturated fatty acids.
The formulation of these model o/w emulsions resembles
that of a low fat and cholesterol-free mayonnaise or salad
dressing. The main objective of this study was to establish
an optimum of sonication conditions that lead to maximum
stability emphasizing on gum viscosity characteristics and
droplet size. For this reason, experimental findings relating
gum viscosity, emulsion stability, and droplet size with ultra-
sonic parameters are discussed.
Materials and Methods
Whey protein isolate (WPI) Lacprodan DI-9224 was kindly
provided by Arla (Arla Foods Ingredients, Amba-Denmark).
The composition of the WPI was 92±2 % protein, 0.2 %
maximum amounts of fat, 4.5 % ash, and 0.2 % lactose as
stated by the manufacturer. Xanthan gum (XG) was obtained
from Sigma (St. Louis, MO, USA). Virgin olive oil Altis
(Elais Unilever, Greece) was purchased from a local store.
Citric acid, phosphate, and sodium azide were purchased from
Fluka (Fluka Chemie AG, Buchs, Switzerland).
Emulsion Preparation
WPI stock solution of 10 wt.% in citric acid-phosphate buffer
at pH 3.8 was prepared by agitation with a magnetic stirrer for
90 min. Sodium azide of 0.02 wt.% was added to the aqueous
solutions as an antibacterial agent. XG solution of 1 wt.% was
prepared by hot stirring in a water bath at 90 °C for 90 min.
Thereafter, solutions were kept overnight at 5 °C to ensure
complete hydration. Coarse emulsions containing 2.7 wt.%
WPI, 20 wt.% extra virgin olive oil, and 0.25 wt.% XG of a
total of 50 g were prepared by mixing appropriate amounts of
the aqueous stock solutions and oil with a high-shear device
Ultraturrax T25 device (IKA Werke, Staufen, Germany) at
13.500 rpm for 2 min. Small adjustments on emulsion pH
were made with a few drops of HCl 1 M. Forty milliliters of
the coarse emulsion was placed in a glass beaker (38-mm
internal diameter) covered by ice to prevent overheating
(<50 °C). Secondary emulsions were produced following a
batch-type sonication approach. The ultrasonic tip of a 13-mm
diameter cylindrical titanium probe (VS 70 T) was immersed
in the center of the glass beaker at a repeatable depth of 1 cm,
and different sonication treatments were applied generated
from an ultrasonic device (Sonopuls 3200, Bandelin Gmbh
& Co, Berlin, Germany) operating at a constant frequency of
20 kHz. The sonication device operates by controlling either
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the percentage of amplitude (100 % amplitude corresponding
to 170 μmss for the specific probe used) or power (150 W
nominal maximum power). It also has the ability to display or
monitor the energy input (kJ) in the sample during sonication.
Sonication treatments were applied by controlling the percent-
age of amplitude (40, 60, 80, and 100 %) for constant time
(1 min) and time (1, 2, 3, and 4 min) at constant amplitude
(70 %). The 70 % amplitude was identified as the maximum
applicable percentage that could be used for elongated emul-
sification (up to 4 min) in order to avoid overheating and
subsequent protein denaturation. The nominal total energy
applied on the system was recorded from the device readings,
and a digital thermometer was used to measure the tempera-
ture of the emulsion at the end of the sonication.
Droplet Size Evaluation
Optical microscopy is arguably the most precise among the
existing general methods for drop-size determination, but it is
time consuming, so it is used mainly in scientific studies in
which very accurate results are needed (Denkova et al. 2004).
Oil droplet size measurements were performed by means of
optical microphotography and image analysis software pro-
cessing (Krstonošić et al. 2009; Tonon et al. 2011; Zúñiga
et al. 2013). The final emulsions were diluted with the same
buffer solution (pH 3.8) at a 20:1 ratio, and several micro-
graphs were recorded from an optical microscope (Kruss
Optronik, Germany) with a ×40 magnification connected with
a camera (SONY, Topica TP-1002DS). The oil droplets’
diameters were measured with an image analysis soft-
ware (Image-Pro Plus 7.0, Media Cybernetics, Rockville
USA), and conversion of micrographs’ pixels to microm-
eter was made by using the micrometer ruler of the
microscope. In total, a number of 1,000–1,200 droplets
were measured, and results are demonstrated as the ar-
ithmetic median (d50), the volume-surface mean diameter
or Sauter diameter (d32=Σni di
3/Σni di
2) that represents the
average size based on the specific surface per unit vol-
ume and better characterizes small and spherical particles
(Zúñiga et al. 2013), and the equivalent volume-mean
diameter or de Brouckere diameter (d43=Σni di
4/Σni di
3),
where ni is the number of droplets of diameter di
(Galazka et al. 1996; Huang et al. 2001; Leroux et al.
2003; Tonon et al. 2011). The d43 is more sensitive to
the presence of large particles in an emulsion (Walstra
2003), so it is more sensitive to fat droplet aggregation
(Huck-Iriart et al. 2011; Relkin and Sourdet 2005).
Therefore, d43 could give a good indication about droplet
recoalescence. An analytical mathematical explanation for
the above attribute of the de Brouckere mean diameter
could be found in Rawle (2002). The procedure was at
least duplicated with differently prepared samples.
Cold Storage Stability
Emulsion stability was evaluated with a vertical scan analyzer
Turbiscan MA 2000 (Formulaction, Toulouse, France) during
10 days of storage at 5 °C. This multiple light scattering device
allows the optical characterization of any type of dispersion by
using a mobile reading head composed of a transmitting NIR
diode (λ=850 nm) and two synchronous detectors analyzing
the transmitted (T) and backscattered (BS) light with acquisi-
tions of every 40 μm. Emulsion samples of about 6 ml were
put in a glass tube and scanned from bottom to 80-mm tube
height on a daily basis in order to obtain backscattering and
transmission profiles that allow the calculation of instability
due to creaming, sedimentation, coalescence, and other phe-
nomena. An analytical description of the Turbiscan method-
ology could be found in Mengual et al. (1999).
To observe a creaming phenomenon, different approaches
can be used: (a) the variation of backscattering at the top or the
bottom, (b) the phase thickness (delta H) of the cream layer or
the clear phase, and (c) the migration velocity of the clarifica-
tion front.
In the present work, the BS profiles were used to monitor
the creaming kinetics (clarification) at the bottom of the tubes
(6–20-mm zone) during cold storage. This zone was not
affected by other destabilization phenomena. The obtained
data were expressed as a percentage of the average backscat-
tering intensity (% BS) and plotted against storage time.
Viscosity Measurements
Viscosity flow curves of 1 % XG aqueous solutions were
obtained using a controlled stress SR-5 rheometer (Universal
Stress Rheometer/Rheometrics Scientific, Inc., NJ) with plate-
plate geometry and a 0.2-mm gap. The diameter of the upper
plate was 20 mm. The temperature was maintained at 25±
0.2 °C by circulating water from a constant temperature cir-
culator. Flow curves (steady shear measurements) were ob-
tained under controlled stress in the range of 0.5–50 Pa. All
measurements were performed in freshly prepared samples
before serum phase separation was observed. The linear part
of the viscosity (η) curves was fitted in a power-law or
Herschel-Buckleymodel according to the maximum R2 values
per sample achieved:
η ¼ kγn−1 ð1Þ
η ¼ τo
γ
þ k 0γn−1 ð2Þ
where, γ is the shear rate, το is the yield stress, n is the flow
behavior index, and k, k′ are the consistency indices to obtain
rheological (n and k, k′) and statistical (R2) parameters. The k,
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k′, το, and n values derived from Eqs. 1 and 2 are reported as
the average of 2–3 separately prepared samples.
Statistical Analysis
Statistical analysis of the results was performed with
Statgraphics Centurion XV (Statgraphics, Rockville, MD,
USA), and the F-test was applied in order to compare the
mean values of emulsions and XG solutions properties at
95 % level of confidence.
Results and Discussion
Sono-emulsification Conditions
Energy input and final temperature of the samples derived
from the different treatments are presented in Table 1. It
should be noted that the initial temperature of the samples
was ∼10 °C. It is shown that by varying either the amplitude or
the duration of sonication treatment, the energy released in the
samples follows a linear behavior (R2=0.997 and 0.999),
while the temperature of the samples at the end of the emul-
sification was exponentially influenced (R2=0.997 and 0.999)
according to amplitude and time change. From the slope of the
energy curves, it can be seen that the energy input rate on the
emulsions is much faster by increasing the amplitude but the
sonication time is restricted. As a consequence, the emulsifi-
cation is conducted in much higher temperatures leading to
heating of the emulsions up to ∼44 °C after 4 min at 70 %
amplitude. On the contrary, in all cases of amplitude incre-
ments between 40 and 100 % and constant time, the final
temperature was kept below ∼32 °C. The effect of energy
input and emulsification temperature (even though it was not
kept constant in this batch-type method) on emulsion stability
attributes is discussed in the following paragraphs.
Influence of Sonication Treatment on Emulsions and XG
Solution Viscosity
Ultrasonication and other high-shear treatments such as high-
pressure homogenization have been reported to influence the
flow behavior of hydrocolloid dispersions due to reduction of
their molecular weight (Price 1990; Marcotte et al. 2001; Syed
Gulrez et al. 2012). The degradation of the macromolecules is
considered of “mechanochemical” nature (Striegel 2003),
since the depolymerization reactions that lead to chain cleav-
age can follow distinct mechanisms such as homolytic (for-
mation of free macroradicals), heterolytic (oppositively
charged macroions), or intramolecular degradation (stable
macrofragments) (Stellbrink et al. 1998). Ultrasonic degrada-
tion of XG solutions leads to samples characterized by a low
polydispersity and a narrow range of molecular weight that
can be a representative for the given sample (Milas et al.
1986). Apparent viscosities of XG solutions and emulsions
as affected by sonication treatments are demonstrated in
Fig. 1. Consistency (k, k′) and flow behavior (n) indices for
all samples at each amplitude-time level are presented in
Table 2. Flow curves and flow parameters indicate that all
samples exhibit shear-thinning behavior at all ultrasonic am-
plitudes and duration levels. The experimental results show
that the viscosity of polymer solutions and final emulsions
decreased with an increase in the ultrasonication time and
amplitude and approached a limiting value after 4 min of
sonication (Fig. 1, Table 2). Solutions of untreated 1-wt.%
XG solutions are characterized by high consistency (k′=
24.0 Pa sn) and low-flow behavior index (n=0.181), which
dramatically changed even when the mildest ultrasonication
Table 1 Energy input applied and temperature rise during emulsification by various sonication treatments
Sonication treatment Energy (kJ) Ultrasonic intensity (W/cm2) Equation R2 Temperature (°C) Equation R2
Amplitude percentage (%)
(at constant time=1 min)
40 3.48±0.08 43.72 16.00±0.94
60 5.00±0.24 62.81 21.91±1.87
80 6.92±0.11 86.94 E=0.0832×Amp.+0.129 0.997 26.02±0.80 T=1.142×Amp.0.717 0.997
100 8.39±0.24 105.40 31.20±0.36
Time (min)
(at constant amplitude percentage=70 %)
1 6.03±0.09 75.75 25.10±1.85
2 11.86±0.26 74.50 33.55±1.76
3 17.63±0.16 73.83 E=5.696×Time+0.4148 0.999 39.60±0.26 T=25.182×Time0.407 0.999
4 23.09±0.22 72.52 44.03±0.47
E energy (kJ), Amp. amplitude percentage (%)
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treatment (40 % amplitude, 1 min) was applied (p<0.05).
Also, the yield stress, characteristic for xanthan solutions,
disappears at amplitude values greater than 40 % (Fig. 1).
The sonication introduced a decreased shear-thinning behav-
ior but still not Newtonian since maximum n<1 for both
solutions and emulsions. In particular, emulsions presented
greater n values, indicative for a less shear-thinning behavior
due to lower concentration of XG used in the formulation
(0.25 %). This trend is in accordance with the findings of
Tiwari et al. (2010), who studied the influence of high-
intensity ultrasound on the rheological characteristics of guar,
xanthan, and pectin dispersions. They have concluded that the
reduction of k values in XG solutions depended strongly on
intensity magnitude (W/cm2) and followed a linear decrease
regression with increasing intensity level. Similar to our find-
ings, as discussed below, the consistency index was reduced
by 89.7 % at the highest-intensity input (10.1 W/cm2) com-
pared with control samples.
In our experiments, it was found that ultrasonication time
increase (at constant amplitude 70 %) had as a result a more
pronounced effect on polymer viscosity compared with that
obtained by amplitude increments (Table 2). Thus, in solu-
tions, a consistency reduction of 77 % was observed by
amplitude increase from 40 to 100 % and 81 % by time
increase from 1 to 4 min, whereas in emulsion k, reduction
was 45 and 52 %, respectively. Considering the flow index
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Fig. 1 Influence of various
sonication treatments on the flow
behavior of XG of 1 wt.%
solutions (black square untreated
sample, as affected by amplitude
(black circle up to white circle), or
time (black triangle up to white
triangle))
Table 2 Flow behavior parameters of XG 1-wt.% solutions and emulsions prepared with different sonication treatments
1 % XG solution Emulsion
το (Pa)* k, k’ (Pa-s
n)* n (−)* R2 k, k’ (Pa-sn)* n (−)* R2
Untreated 6.93±0.188b 24.00±0.247f,** 0.181±0.008a,** 0.996 – – –
Amplitude percentage (%)
(at constant time=1 min)
40 1.92±0.125a 11.16 ±0.856e,** 0.196±0.012a,** 0.995 1.011±0.402c 0.332±0.062a 0.995
60 – 4.37±0.949d 0.309±0.014b 0.988 0.903±0.181cd 0.461±0.096bc 0.976
80 – 3.18±0.378cd 0.331±0.024b 0.975 0.730±0.067bcd 0.477±0.015bc 0.978
100 – 2.58±0.269c 0.354±0.011bc 0.982 0.553±0.127ab 0.490±0.028bc 0.968
Time (min)
(at constant amplitude percentage=70 %)
1 – 4.12±0.580d 0.308±0.022b 0.996 0.855±0.148bcd 0.413±0.052ab 0.973
2 – 2.38±0.408c 0.359±0.016bc 0.980 0.601±0.052abc 0.514±0.018bc 0.967
3 – 1.49±0.216b 0.420±0.020c 0.966 0.524±0.107a 0.521±0.024c 0.945
4 – 0.79±0.268a 0.499±0.052d 0.920 0.407±0.175a 0.552±0.103c 0.969
*Values followed by the same letters at the same column are not significantly different (p>0.05)
**Values estimated by Herschel-Buckley model
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kgum,time = 36.848xEnergy-1.165
R² = 0.94
k emulsion,time = 2.2143xEnergy
-0.524
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values, the greatest changes were observed for XG solutions
sonicated for elongated time (4 min), for which n=0.499.
Nevertheless, for emulsions treated with the maximum ampli-
tude or time for which n=0.490 and 0.552, respectively, no
significant difference was found (p>0.05).
In Fig. 2, data are presented as a function of energy applied
on the system in order to better understand the influence of
amplitude and sonication duration on sample consistency.
Consistency values of gum solutions and emulsions followed
a power-law decrease as a function of amplitude and time, as
can be seen. It is also shown that the consistency change rate
(slope) of xanthan solutions is much greater, almost double,
by increasing the amplitude than by increasing the sonication
time. The same trend is observed by comparing emulsions’
consistency, although the slopes are similar. In the case of n
values, although a clear trend was identified as discussed
above, the correlation of models was poor to demonstrate in
most cases (R2<0.9).
Regarding the role of sonication temperature on viscosity
properties over the range of 40–60 °C, it is considered negli-
gible (Karaman et al. 2012). However, in another research
related to the effect of ultrasonics on chitosan fragmentation, it
has been concluded that the chain scissions were strongly
affected by sonication power as well as by the solution tem-
perature (Kasaai et al. 2008). Nevertheless, the influence of
temperature in the case of xanthan could be considered minor
since it displays a structural stability over a wide range of
temperature and shifts from an ordered to disordered structure
at temperatures above 40 °C (Kang and Pettit 1993; Casas
et al. 2000).
Influence of Sonication Treatment on Droplet Size
During the emulsification process, two different phenome-
na (droplet disruption and recoalescence) occur at the same
time. The kinetics of each one individually affects the final
droplet size of emulsions (Jafari et al. 2008). Thus, an
optimum energy input should be established to avoid
overprocessing regarding droplet size increase (Kentish
et al. 2008). The influence of sonication treatment on drop-
let size according to amplitude (%) and time increase is
demonstrated in Figs. 3, 4, and 5.
As shown in Fig. 3, the particle diameters of emulsions
were decreased upon increase of amplitude and sonication
duration. These differences were more evident in the case of
d32 and d43, whereas d50 values did not decrease remarkably,
and statistical differences were not noticed in most of the cases
(p>0.05). According to Behrend et al. (2000), a logarithmic
reduction of d32 occurs when increasing the energy density
(energy per unit volume). In the present study, size reduction
was also reduced in a logarithmic way when increasing the
energy input by means of amplitude and a limiting value was
reached after ∼7 kJ (80% amplitude; Fig. 3b). On the contrary,
when longer sonication was applied at 70 % amplitude, the
diameter decrease followed a linear trend. This suggests that
ultrasonication, at these experimental conditions, is more ef-
ficient in decreasing the polydispersity of the emulsions rather
than remarkably minimizing the size of the smaller droplets in
this system. Furthermore, samples prepared at 40% amplitude
presented the highest values of d43 compared with samples
prepared with all other treatments applied (p<0.05), meaning
that overprocessing in terms of recoalescence was not ob-
served even for samples treated with maximum amplitude or
most elongated time. In another research, it has been sug-
gested that a lower amplitude percentage would be more
appropriate in order for the protein to better adsorb at the
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interfacial area of droplet surface (Tang et al. 2012), thus
decreasing more efficiently the final droplet size compared
with higher amplitude. Apparently, this has not been our case,
assuming that the emulsification time at 40 % amplitude was
restricted. An increase of amplitude from 40 to 100 % was
able to decrease the median diameter of oil droplets from
1.432 to 0.943 μm. At the same time, an increase in sonication
time from 1 to 4 min led to a droplet size decrease from 1.141
to 0.891 μm, assuming that the increase in amplitude is more
effective in reducing the average droplet size of the samples.
This is in agreement with previous findings about consistency
and flow index change by changing the amplitude. An expla-
nation for the significant role of the amplitude change in
droplet size is that as ultrasonication power is a measure of
the pressure amplitude, an increase in the applied pressure
amplitude leads to more intensive cavitation. Then, an in-
creased number of bubbles are generated as a result of a more
frequent liquid thread breaking and collapse. Additionally, the
energy input in the system increases the temperature which
facilitates the dispersion of both liquid phases into another by
means of interfacial tension, viscosity, and Laplace pressure
decrease, thereby smaller droplets are produced, whereas at
lower amplitude, a wider droplet distribution is observed
(Gaikwad and Pandit 2008).
It can be noted that by increasing the amplitude or sonica-
tion time, differences between the d50, d32, and d43 values
decrease; thus, similar values at 80 and 100 % amplitude
and after 4 min of sonication are presented (p>0.05). Thus,
upon increase of sonication duration, the standard deviations
of diameter values were noticeably decreased. This phenom-
enon is in accordancewith the findings of other research (Tang
et al. 2013; Cucheval and Chow 2008; Li and Fogler 1978)
and as mentioned, indicative of a polydispersity reduction. On
the other hand, this trend was not clearly identified when
amplitude was increased; therefore, the repeatability of exper-
iments is lower when emulsification duration is restricted for
1 min. It is obvious that increase in time and amplitude
resulted in narrower droplet size distributions (Figs. 4 and
5). For presentation reasons only, data for 40 and 100 %
amplitude and 1 and 4-min treatments by means of frequency
histograms are demonstrated (Fig. 5). Prolonged sonication
induces sample mixing due to extended turbulent flow, and
consequently, an effective disruption of most droplets is
achieved. Therefore, the application of 4-min sonication re-
sulted in finer emulsions with the minimum d43 value, al-
though the decrease rate of droplet size was much greater by
amplitude change rather than by sonication time increase.
Coupled with the temperature rise that occurs at these
0
10
20
30
40
50
Fr
eq
ue
n
cy
 (%
)
Droplet size (µm)
40%-1 min
0
10
20
30
40
50
Fr
eq
ue
n
cy
 (%
)
Droplet size (µm)
100%- 1min
0
10
20
30
40
50
Fr
eq
ue
n
cy
 (%
)
Droplet size (µm)
70%- 1min
0
10
20
30
40
50
Fr
eq
ue
n
cy
 (%
)
Droplet size (µm)
70%-4 min
Fig. 5 Distribution histograms of
oil droplets of freshly prepared
emulsions as affected by various
sonication treatments. At the
background: microphotographs
processed by Image-Pro Plus 7.0.
Scale bar at lower right represents
20 μm
Food Bioprocess Technol (2014) 7:2038–2049 2045
conditions, which reduces the minimum thermodynamic en-
ergy necessary for emulsification, the production of smaller
droplets is facilitated (Canselier et al. 2002; McClements
2005).
Influence of Sonication Treatment on Emulsion Stability
Turbiscan measurements gave the time evolution over a 10-
day period of the backscattering intensity of emulsions along
the tube height. The analysis of BS profiles as a function of
time offers the advantage to allow a continued evaluation of
the emulsion destabilization without previous dilution. The
initial BS intensity (t=0) is a value related to the size and
density of particles in emulsions; BS enhances as the increase
of the number of particles and decreases as a function of the
size of individual droplets and/or presence of flocs (Palazolo
et al. 2004, 2005). Hence, creaming kinetics can be easily
monitored by the decrease of BS intensity at the bottom of the
tube due to decrease of the concentration of the particles in this
part (clarification) (Fameau 2012). It is also to be noted though
that according to Mie’s law, the BS intensity decreases when
the droplet size increases only for particles with diameter
larger than 0.5 μm (Mengual 1999; Buron et al. 2004;
Pizzino 2009).
The creaming of emulsions was strongly affected by son-
ication duration and amplitude, as seen in Fig. 6. In the case of
amplitude (Fig. 6a), there was an improvement of emulsion
stability expressed by the increased BS at the bottom zone,
from 49.4 (40% amplitude) to 64.2% (100% amplitude) after
10 days of storage. Emulsions prepared by varying sonication
time (at constant 70 % amplitude) presented an even more
pronounced stability (Fig. 6b). Hence, an increase in duration
from 1 to 3 min led to an increase of the BS from 58.9 to
72.1 % accordingly. Extended sonication time (4 min, 70 %)
seems to have a negligible influence over stability, and this
suggests a limiting boundary since the BS was only slightly
increased to 72.7 % (p>0.05). The marginal increase occur-
ring in BS could be due to the decrease in viscosity of the
continuous phase (Fig. 1, Table 2), since the oil droplet size
was further decreased, and recoalescence (Jafari et al. 2006;
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Olson et al. 2004) was not observed. Stokes’ law, vs=D
2g(ρp
−ρf)/18μ, where vs is the rising velocity of the droplet (m/s), g
is the gravitational constant (9.81 m/s−2), D is the particle
diameter (m), ρp is the density of settling particle and ρf is
the density of the continuous phase (kg/m3), and μ is the
dynamic viscosity (Pa-s), provides a qualitative indication of
the physical factors that influence the stability of an emulsion.
The critical importance of particle size, occurring as a squared
term, can be derived, as well as why emulsions are more stable
when density differences are small, and when the viscosity of
the continuous phase is high. However, in our case, even low-
viscosity values resulted in improved stability, but there is a
threshold value to assume that. This is because the relative
flow of the particles under gravitational forces may break the
emulsion, so stability is enhanced by small settling velocities.
It should be noted that a small delay in creamingwas observed
when 3 and 4 min of sonication was applied; thus, emulsions
started to destabilize after 3 days of storage. Creaming delay
was observed in emulsions, where different amplitude incre-
ments were applied, only at 100 % amplitude restricted at the
first day of storage. In all the other cases of amplitude treat-
ments, a sharp diminution of BS was observed even after 24 h
of storage, corresponding to phase separation. Apart from
decreasing the average droplet size, it has been shown that
sonication treatment (40 % amplitude, 30 s, 20 kHz) was used
to improve the stability of emulsions containing casein against
creaming by disrupting the flocs formed upon acidification of
emulsions from pH 7 to pH 3, which enhanced electrostatic
repulsion (Surh et al. 2006). Finally, among different treat-
ments studied, the 100 % for 1-min sonication presented
similar effects as the 70 % for 2 min in terms of emulsion
stability, XG solution and emulsion viscosity, and droplet size,
owing to similar values of energy input.
Conclusions
An ultrasonication process application, in which the pressure
amplitude (40–100% for 1min) and the sonication time (70%
amplitude, 1–4 min) varied, resulted in emulsions treated in
different ways. The increase in either of amplitude or time
improved sample stability and led to a significant reduction of
droplet size and viscosity. However, the impact of the varied
parameters on emulsion quality became less pronounced as
variable values approached maximum limits and differences
among samples produced at higher amplitudes applied (80
and 100 %) or prolonged times (3 or 4 min) were not great
(p<0.05) in most of the quality parameters measured.
Optimum emulsification conditions were neither at highest
amplitude values applied nor at the greatest sonication time
used.
Amplitude increase at maximum did not reduce remark-
ably the droplet polydispersity, for which increase in time
applied was required. Temperature increase was also noticed.
Thus, a sonication time for 3 min is more appropriate at
amplitude values of 70 %. Viscosity measurements showed
that stability did not reduce at low-viscosity values resulted
after longer treatments. However, a very low viscosity is
responsible for recoalescence (70 %, 4 min) during storage.
In terms of energy saving, the 100 % for 1-min treatment
would be more preferable compared with 70 % for 2 min,
since the time of sonication would be decreased by 50 % and
energy required by 29%. These findings could be used for the
successful production, using an ultrasonication process, of
low-fat dressings based on olive oil and stored in a
refrigerator.
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